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METHODS AND SYSTEMS FOR CONTROLLING TEMPERATURE DURING 
MICROFEATURE WORKPIECE PROCESSING, E.G., CVD DEPOSITION 

TECHNICAL FIELD 

[0001] The present invention is related to methods for processing microfeature 

workpieces, e.g., semiconductor wafers. Aspects of the invention have particular 
utility in connection with depositing thin layers of material on a microfeature 
workpiece, such as by atomic layer deposition or chemical vapor deposition. 

BACKGROUND 

[0002] Thin film deposition techniques are used in a variety of applications. One 

field where such techniques take on particular importance is in the manufacturing 
of microfeatures, which employ a thin coating on a workpiece that closely 
conforms to the surface topography. For example, such techniques may be used 
to deposit successive thin layers of capacitors used in DRAM memory cells. One 
thin film deposition technique widely used in the microelectronics industry is 
chemical vapor deposition (CVD). In a CVD system, one or more precursors that 
are capable of reacting to form a solid thin film are mixed in a gas or vapor state 
and this precursor mixture is presented to the surface of the workpiece. The 
surface of the workpiece catalyzes the reaction between the precursors to form a 
solid thin film on the workpiece surface. 

[0003] A common way to catalyze the reaction at the surface of the workpiece is to 

heat the workpiece to a temperature that causes the reaction. For some CVD 
reactions, the deposition rate and the quality of the deposited layer are optimized 
in a relatively narrow band of temperatures. In addition, many semiconductor 
workpieces have a H heat budget" that reflects the cumulative adverse effects of 
elevated temperatures on the semiconductor substrate. Optimizing the deposition 
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process while minimizing the impact on the heat budget requires relatively precise 
control over the temperature in the CVD process. 

[0004] Although current temperature management techniques have proven 

acceptable in the deposition of common materials, e.g., silicon nitride and 
polycrystalline silicon (also referred to as "polysilicon"), newer microelectronic 
component designs are increasingly incorporating other materials in their designs. 
Some of these materials present significant manufacturing challenges. For 
example, some microfeature workpiece manufacturing processes require 
deposition of materials that are more reflective of radiant heat than the more 
conventional silicon nitride and polysilicon films. Batch CVD reactors used in 
manufacturing microelectronic components commonly heat the microfeature 
workpieces during the CVD process via radiant heat. For example, U.S. Patent 
Application Publication 2001/0029892, the entirety of which is incorporated herein 
by reference, illustrates a batch plasma enhanced CVD system in which a series 
of radiant heat panels are arranged around the outside of a deposition chamber. 
When depositing radiant heat-reflective materials on workpieces in such a CVD 
system, some of the material also will be deposited on an inner surface of the 
deposition chamber walls. This reflective layer reflects the heat that is intended to 
heat the workpieces, thereby reducing efficiency. Even more problematic, the 
reflective build-up on the deposition chamber walls causes a thermal lag between 
the delivery of power to the radiant heat source and an increase in the 
temperature in the chamber. 

[0005] As illustrated in International Publication No. WO 02/073660, the entirety of 

which is incorporated herein by reference, some CVD reactors employ one or 
more inner thermocouples within the deposition chamber and one or more outer 
thermocouples outside the deposition chamber. The outer thermocouples tend to 
bear a more direct relationship to the energy being delivered by the heat source, 
and the inner thermocouples, in contrast, tend Xo more accurately indicate the 
temperature in the chamber. As a consequence, the outer thermocouples are 
usually used to control the heat source when ramping up the temperature to the 
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intended deposition temperature. Once the workpieces are at the deposition 
temperature, control of the heat source is guided by the inner thermocouples to 
maintain the deposition temperature within an acceptable range during the 
deposition process. When depositing conventional materials such as polysilicon, 
the temperature reading of the inner thermocouples may lag the reading of the 
outer thermocouples somewhat, but this thermal lag tends to be fairly predictable 
and can be accounted for empirically in the control system. 

[0006] If a heat-reflective material is being deposited, however, deposition of the 

material on the chamber walls with successive workpieces reduces the 
percentage of the heat output actually reaching the interior of the deposition 
chamber. In addition, the heat reflected by the deposited material is directed back 
at the outer thermocouples and the heating elements, further increasing the 
thermal lag over time. One temperature control problem attributable to this 
increased thermal lag is illustrated schematically in Figure 1. In Figure 1, the 
temperature To measured by one of the outer thermocouples increases 
significantly more quickly than the temperature Ti measured by one of the inner 
thermocouples. As suggested in this schematic drawing, the temperature T 0 
measured by the outer thermocouple may reach or exceed the intended 
deposition temperature T D before the temperature Ti measured by the inner 
thermocouples begins to significantly increase. Delivering more power to the 
heaters to more rapidly heat the interior of the deposition chamber can heat the 
outer thermocouple and the radiant heat source to a maximum safe operating 
temperature Tmax, causing the CVD system to abort the heating process to protect 
the heat source from damage. 

[0007] Even if the thermal lag is managed effectively when ramping up the 

temperature in the deposition chamber, the reflective layer on the wall of the 
deposition chamber makes it more difficult to maintain the temperature in the 
chamber at a constant level over time. As suggested in Figure 2, the thermal lag 
induced by the increased reflectance can lead to significant oscillations in the 
temperature in the deposition chamber. When one of the inner thermocouples 

[1 0829-871 8-US0000/SL030790.308] -3- 10-Dec-03 



registers a temperature Ti that falls below the targeted deposition temperature, 
power may be delivered to the heat source to bring the temperature back up. By 
the time the inner thermocouple reaches the target temperature again, the heat 
source has already delivered too much energy and the temperature in the 
chamber overshoots the target. To compensate, the heat source power is 
reduced to a level below that necessary to maintain the targeted temperature, 
which can again cause the temperature Ti measured by the inner thermocouple to 
drop below the targeted temperature, starting the cycle again. This cycle can lead 
to temperature oscillations with increasing amplitude over time. As the process 
continues, the amplitude of the oscillations may equal or exceed the width of an 
acceptable deposition temperature range T X| leading to suboptimal material 
deposition conditions. 

[0008] One way to address these difficulties is to clean the deposition chamber to 

remove built-up material deposited on the walls of the chamber. This typically 
involves a plasma dry clean process and a subsequent seasoning of the chamber 
walls. Particularly for batch CVD systems, this cleaning process can be fairly 
time-consuming. This downtime significantly reduces the throughput of the CVD 
system. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] Figure 1 is a schematic plot of temperature measured by inner and outer 

thermocouples as a function of time showing a significant thermal lag during a 

temperature ramp-up phase of a CVD process. 
[0010] Figure 2 is a graph schematically illustrating oscillations in the operating 

temperatures measured by inner and outer thermocouples during a deposition 

phase of a CVD process. 
[0011] Figure 3 is a schematic illustration of a system for depositing material on a 

microfeature workpiece in accordance with an embodiment of the invention. 
[0012] Figure 4 is a flow diagram schematically illustrating a temperature ramp-up 

process in accordance with another embodiment of the invention. 
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[0013] Figure 5 is a graph schematically illustrating aspects of a method of 

depositing material on microfeature workpieces in accordance with other 
embodiments of the invention. 

DETAILED DESCRIPTION 
A. Overview 

[0014] Various embodiments of the present invention provide microfeature 

workpiece processing systems and methods for depositing materials onto 
microfeature workpieces. Many specific details of the invention are described 
below with reference to examples of systems for depositing materials onto 
microfeature workpieces. The term "microfeature workpiece" is used throughout 
to include substrates upon which and/or in which microelectronic devices, 
micromechanical devices, data storage elements, read/write components, and 
other features are fabricated. For example, microfeature workpieces can be 
semiconductor wafers such as silicon or gallium arsenide wafers, glass 
substrates, insulative substrates, and many other types of materials. The 
microfeature workpieces typically have submicron features with dimensions of 
0.05 microns or greater. Furthermore, the term "gas" is used throughout to 
include any form of matter that has no fixed shape and will conform in volume to 
the space available, which specifically includes vapors (i.e., a gas having a 
temperature less than the critical temperature so that it may be liquefied or 
solidified by compression at a constant temperature). Several embodiments in 
accordance with the invention are set forth in Figures 3-5 and the following text to 
provide a thorough understanding of particular embodiments of the invention. A 
person skilled in the art will understand, however, that the invention may have 
additional embodiments, or that the invention may be practiced without several of 
the details of the embodiments shown in Figures 3-5. 

[0015] A method for controlling temperature in a deposition process in accordance 

with one embodiment of the invention includes positioning a microfeature 
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workpiece in a deposition chamber, monitoring a first temperature from a first 
temperature sensor positioned outside the deposition chamber, and monitoring a 
second temperature from a second temperature sensor positioned in the 
deposition chamber. An internal temperature in the deposition chamber (e.g., the 
temperature of the microfeature workpiece) is increased from an initial 
temperature to a deposition temperature in accordance with a ramp profile by 
comparing a control temperature to a target temperature and selectively delivering 
heat to the deposition chamber in response to a result of the comparison. The 
control temperature in this method alternates between the first temperature and 
the second temperature. The target temperature is determined in accordance 
with the ramp profile. 

[0016] Another embodiment of the invention provides a system for depositing a 

material on a microfeature workpiece. The system includes an enclosure, a 
heater, first and second temperature sensors, and a programmable controller. 
The enclosure defines a deposition chamber and the heater is adapted to deliver 
heat to the deposition chamber. The first temperature sensor is outside the 
deposition chamber and is adapted to generate a first temperature signal 
corresponding to a first temperature outside the deposition chamber. The second 
temperature sensor is in the deposition chamber and is adapted to generate a 
second temperature signal corresponding to a second temperature in the 
deposition chamber. The programmable controller is operatively coupled to the 
heater, the first temperature sensor, and the second temperature sensor. The 
controller is programmed to heat the microfeature workpiece from an initial 
temperature to a deposition temperature in accordance with a ramp profile by 
comparing a control temperature to a target temperature and controlling the 
heater to selectively deliver heat to the deposition chamber in response to the 
results of the comparison. The control temperature alternates between the first 
temperature and the second temperature. The target temperature is determined 
in accordance with the ramp profile. 
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[0017] A method for controlling temperature in a deposition process in accordance 

with a further embodiment of the invention may be initiated by positioning a 
microfeature workpiece in a deposition chamber of an enclosure. Both a first 
temperature and a second temperature may be monitored. The first temperature 
is from a temperature sensor positioned outside the deposition chamber and the 
second temperature is from a second temperature sensor positioned in the 
deposition chamber. A control temperature is alternated between the first 
temperature and the second temperature. A target temperature is varied in 
accordance with a ramp profile. The control temperature is compared to the 
target temperature and heat is selectively delivered to the deposition chamber in 
response to a result of this comparison. 

[0018] Still another embodiment of the invention provides a method for depositing 

a material on a microfeature workpiece that includes positioning a microfeature 
workpiece in a deposition chamber of an enclosure,, monitoring first and second 
temperatures, and maintaining a temperature of the microfeature workpiece. The 
first temperature is from a first temperature sensor positioned outside the 
deposition chamber and the second temperature is from a second temperature 
sensor positioned inside the deposition chamber. The microfeature workpiece is 
heated from an initial temperature to a deposition temperature in accordance with 
a ramp profile by comparing a target temperature with a first controlled 
temperature in a first comparison and controlling a heater in response to a result 
of the first comparison. The target temperature may be determined in accordance 
with the ramp profile and the first control temperature may alternate between the 
first and second temperatures. A second control temperature may be determined 
as a function (e.g., a weighted average) of both the first temperature and the 
second temperature. The temperature of the microfeature workpiece may be 
maintained within a deposition temperature range by comparing the deposition 
temperature with the second control temperature in a second comparison and 
controlling the heater in response to a result of the second comparison. In a 
further aspect of the invention, a precursor may be delivered to the deposition 
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chamber while maintaining the temperature of the microfeature workpiece within 
the deposition temperature range to deposit a material on the microfeature 
workpiece and an inside surface of the wall of the enclosure. 
[0019] For ease of understanding, the following discussion is subdivided into two 

areas of emphasis. The first section discusses aspects of processing systems 
that may be used in accordance with selected embodiments of the invention. The 
second section outlines methods in accordance with other aspects of the 
invention. 

B. Processing Systems 

[0020] Figure 3 schematically illustrates a reactor 10 in accordance with one 

embodiment of the invention. This reactor 10 includes a^processing enclosure 20 
coupled to a gas supply 30 and a vacuum 40. The processing enclosure 20 
generally includes an outer wall 22 and an annular liner 24. A platform 60 seals 
against the outer wall 22 or some other part of the processing enclosure 20 to 
define a deposition chamber 25. The liner 24 functionally divides the deposition 
chamber 25 into a main chamber 28 and an annular exhaust 26. 

[0021] Gas is introduced from the gas supply 30 to the deposition chamber 25 by 

a gas line 32 and an inlet 36. The inlet 36 directs a flow of gas into the main 
chamber 28 of the deposition chamber 25. Under the influence of the vacuum 40, 
gas introduced via the gas inlet 36 will flow through the main chamber 28, 
outwardly into the annular exhaust 26, and out of the deposition chamber 25. A 
valve 34 in the gas line 32 may be operated by a controller 90 (described below) 
to deliver gases to the deposition chamber 25 during the deposition phase. Some 
aspects of the gas supply 30 will depend on the nature of the deposition process 
to be carried out in the reactor 10. If the reactor 10 is to carry out a CVD process 
employing multiple precursors, the gas supply 30 can include a plurality of 
separate gas sources (not shown) and the valve 34 may comprise a valve 
assembly having a plurality of valves. For example, the gas supply 30 may 
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include one or more precursors capable of reacting to deposit a material that 
reflects radiant heat, e.g., titanium nitride. For example, the gas supply 30 may 
include a source of TiCI 4 and a source of NH 3) which may react to deposit TiN. In 
another example, the gas supply 30 may include a source of TDMAT and a 
nitrogen carrier gas, which may also be used to deposit TiN. 

[0022] One or more workpieces W, e.g., semiconductor wafers, may be positioned 

in the deposition chamber 25 for processing. In the illustrated embodiment, a 
plurality of workpieces W is held in the processing enclosure 20 in a workpiece 
holder H. It should be understood that Figure 3 is merely schematic in nature and 
any number of workpieces W (e.g., 20-250) may be held in the workpiece holder 
H for simultaneous batch processing. 

[0023] The reactor 10 also includes at least one inner temperature sensor 70 

positioned within the deposition chamber 25 and at least one outer temperature 
sensor 80 positioned outside the deposition chamber 25. The particular reactor 
10 illustrated in Figure 3 employs four inner temperature sensors 70a-d and four 
outer temperature sensors 80a-d. In one embodiment, the temperature sensors 
70 and 80 are thermocouples. Signals from the inner temperature sensors 70a-d 
may be communicated to the controller 90 via a first temperature signal line 72 
and temperature signals from the outer temperature sensors 80a-d may be 
delivered to the controller 90 by a second temperature signal line 82. 

[0024] The reactor 10 also includes at least one heat source to heat the 

workpieces W and maintain them at the desired temperature. The heat source in 
Figure 3 is typified as a first radiant heater 50a positioned outside the deposition 
chamber 25 on one side of the processing enclosure 20 and a second radiant 
heater 50b positioned outside the deposition chamber 25 on the other side of the 
enclosure 20. These heaters 50a-b may comprise quartz-halogen lamps or other 
types of radiative heat sources. Such lamps are well-known in the art and 
commercially available from a wide variety of sources. Although not shown in the 
schematic view of Figure 3, a series of these heaters 50 may be arranged about a 
circumference of the enclosure 20 to evenly heat the workpieces W. (See, e.g., 
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the radiant heat panels suggested in U.S. Patent Application Publication 
2001/0029892, discussed above.) The heaters 50 may be coupled to a common 
power supply 52 by a series of power lines. Hence, heater 50a is coupled to the 
power source 52 via a first power line 54a and the second heater 50b is coupled 
to the power source 52 by a second power line 54b. 

[0025] To reduce temperature variations along a length of the deposition chamber 

25, the heaters 50 may be divided into a series of zones, with each zone being 
controlled separately. In the embodiment shown in Figure 3, a first inner 
temperature sensor 70a and a first outer temperature sensor 80a may be 
associated with a first zone (Zone 1), a second inner temperature sensor 70b and 
a second outer temperature sensor 80b may be associated with a second zone 
(Zone 2), a third inner temperature sensor 70c and a third outer temperature 
sensor 80c may be associated with a third heating zone (Zone 3), and a fourth 
inner temperature sensor 70d and a fourth outer temperature sensor 80d may be 
associated with a fourth heating zone (Zone 4). 

[0026] As noted above, the controller 90 may be coupled to the valve 34 of the 

gas supply 30, the vacuum 40, the power supply 52 of the heater 50, and the 
temperature sensors 70a-d and 80a-d. In one embodiment, the controller 90 
comprises at least one computer having a programmable processor programmed 
to control operation of these components to deposit material on the workpiece W. 
In particular, the controller 90 may be programmed to operate the heaters 50 to 
control temperature in accordance with the methods outlined below. 

C. Methods for Depositing a Material on a Microfeature Workpiece 

[0027] As noted above, other embodiments of the invention provide methods of 

depositing a material on a workpiece W and methods of controlling temperature in 
a deposition process. In the following discussion, reference is made to the 
reactor 10 shown schematically in Figure 3. It should be understood, though, that 
reference to this particular reactor is solely for purposes of illustration and that the 
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methods outlined below are not limited to any particular processing system shown 
in the drawings or discussed in detail above. 

[0028] Embodiments of the present invention provide methods for controlling a 

temperature during a ramp-up phase of a deposition process. Other 
embodiments of the invention are particularly useful in maintaining a deposition 
temperature within a deposition temperature range in a manner that is expected to 
dampen or eliminate the oscillation pattern illustrated in Figure 3 

[0029] In select embodiments, operation of the heaters 50 during a ramp-up phase 

may be controlled on the basis of a control temperature that alternates between a 
temperature from one of the inner temperature sensors 70 and a temperature from 
an associated one of the outer temperature sensors 80. In one embodiment, the 
controller 90 may use the temperature from the outer temperature sensor 80 as 
the control temperature for a first period of time (U) and use the temperature from 
the inner temperature sensor 70 as the control temperature for a second period of 
time (t 2 ). This process can be repeated at least as long as needed to complete 
the ramp-up phase. In one embodiment, each zone of the heaters 50a-b is 
separately controlled by alternating between the inner and outer temperature 
sensors for the zone. Hence, control of Zone 1 of the heaters 50a-b, for example, 
may be based on a control signal that alternates between a temperature from the 
first inner temperature sensor 70a (referred to generically as the inner 
temperature sensor 70 in the following discussion) and a temperature from the 
first outer temperature sensor 80a (referred to generically as the outer 
temperature sensor 80 in the following discussion). 

[0030] Figure 4 schematically illustrates one particular temperature ramp-up 

process 100 employing a control temperature that alternates between a 
temperature from an inner temperature sensor 70 and a temperature from an 
outer temperature sensor 80. Once the workpieces W are loaded in the 
deposition chamber 25 and the deposition chamber 25 is sealed, the controller 90 
may begin the ramp-up process 100 by starting the temperature ramp-up in 
operation 105. At this point, the workpieces W will be at an initial temperature, 
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which may be greater than room temperature. The controller 90 may then set the 
control temperature equal to the temperature from one of the temperature sensors 
70 and 80. In the particular embodiment illustrated in Figure 4, the controller 90 
initially sets the control temperature equal to the temperature measured by the 
outer temperature sensor 80 in operation 110. The controller 90 may also 
initialize an elapsed time counter by setting it to zero in operation 115. 

[0031] In operation 120, the control temperature (which is currently equal to the 

temperature from the outer temperature sensor 80) is compared to a target 
temperature correlated to the ramp profile. The target temperature is defined 
according to a predetermined ramp profile for the specific deposition process. In 
process 125, the controller 90 may then control the heaters 50 (e.g., via the 
heater power supply 52) in response to the result of the comparison in process 
120. The algorithm for determining the appropriate power levels delivered to the 
heaters 50 can be varied as necessary to match empirically observed behavior for 
the particular reactor 10 being employed. 

[0032] In process 130 of the ramp-up process 100, the controller 90 may compare 

the temperature from the inner temperature sensor 70 to a preprogrammed cutoff 
temperature. The cutoff temperature may be selected to bring the temperature in 
the deposition chamber 25 to the desired deposition temperature (T D in Figures 1 
and 2) without overshooting the targeted deposition temperature range T x . As will 
be understood by those skilled in the art, this cutoff temperature can be 
determined empirically for any particular combination of workpieces and reactor 
10. If the temperature from the inner temperature sensor 70 is determined in 
process 130 to be greater than or equal to the cutoff temperature, the process will 
proceed to the end of the temperature ramp-up (process 140) and the ramp-up 
process 100 will be completed. 

[0033] If the temperature reading of the inner temperature sensor 70 is less than 

the cutoff temperature, the controller 90 may determine whether the elapsed time 
t, which was set to zero in process 115, is equal to or greater than a first fixed 
time period ti (e.g., ten minutes). If the elapsed time t is less than the fixed time 
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period ti, processes 120-130 may be continued until the elapsed time t equals or 
exceeds the fixed time period ti. 

[0034] If the elapsed time t exceeds the predetermined time period U in process 

135, the control temperature may be set in process 150 to the temperature from 
the inner temperature sensor 70 instead of the outer temperature sensor 80 and 
the elapsed time may be reset to zero in process 155. In a manner directly 
analogous to processes 120-130, the controller 90 may compare the control 
temperature (now equal to the temperature from the inner temperature sensor 70) 
to the target temperature (process 160) and control the heaters 50 in response to 
the result of that comparison (process 165). In process 170, the controller again 
determines whether the temperature from the inner temperature sensor 70 (which 
in this case coincides with the control temperature) is equal to or greater than the 
cutoff temperature. If it is, the ramp-up process 100 terminates at process 140. 

[0035] If the temperature from the inner temperature sensor 70 is less than the 

cutoff temperature, the controller 90 determines in process 175 whether the 
elapsed time t is equal to or greater than a second fixed period of time t 2 (e.g., 
about two minutes). If the elapsed time t is less than the time t 2 allotted for control 
based on the temperature from the inner temperature sensor 70, processes 160- 
170 will be repeated until the elapsed time t is equal to or greater than the second 
fixed time period t 2 . 

[0036] If the temperature from the inner temperature sensor 70 is still less than the 

cutoff temperature when the full time period t 2 has elapsed, the process 100 
returns to process 110, setting the control temperature back to the temperature 
from the outer temperature sensor 80. The process 100 will continue repeating 
processes 110-135 and 150-175 until the temperature from the inner temperature 
sensor 70 equals or exceeds the cutoff temperature and the process terminates at 
process 140. 

[0037] The process 100 illustrated in Figure 4 relies on the passage of fixed 

periods of time (ti and t 2 ) to determine when to switch the control temperature to 
the outer sensor temperature or the inner temperature sensor. In an alternative 
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embodiment, this determination may be based at least in part on temperature 
instead of time. 

[0038] As noted above, when the controller is relying on the inner temperature 

sensors for the control temperature, more power is typically delivered to the 
heaters 50, which may cause the heaters 50 to overheat. If the decision in 
process 175 to switch from the inner sensor temperature to the outer sensor 
temperature is based on time. In another embodiment, process 175 may instead 
compare the outer sensor temperature to a preset trigger temperature. When the 
outer sensor temperature reaches or exceeds this trigger temperature, the control 
temperature may be switched to the outer sensor temperature in process 1 1 0. 
This should further reduce the likelihood that the heaters 50 will exceed a 
maximum safe operating temperature and prematurely terminate the ramp-up 
process 1 00. 

[0039] In another embodiment, both the decision to switch the control temperature 

from the outer sensor temperature to the inner sensor temperature and the 
decision to switch the control temperature from the inner sensor temperature to 
the outer sensor temperature may be based on temperature instead of time. In 
such an embodiment, process 135 in Figure 4 would compare the inner sensor 
temperature to a previously determined first trigger temperature. If the inner 
sensor temperature is at least as great as the trigger temperature, the control 
temperature will be set to the inner sensor temperature ; in process 150. The 
control temperature would be switched from the inner sensor temperature to the 
outer sensor temperature once the outer sensor temperature reached or 
exceeded a second trigger temperature in process 175. If so desired, one or both 
of these trigger temperatures may be selected (empirically or otherwise) to 
increase as the target temperature increases. In one particular embodiment, the 
first trigger temperature, which is tied to the inner sensor temperature, may 
increase over the course of the ramp-up process 100 while the second trigger 
temperature, which is based on the outer sensor temperature, may remain 
constant over the course of the temperature ramp-up process 100. 
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[0040] Figure 5 schematically illustrates a temperature profile that may result, in 

part, from the ramp-up process 100 outlined in Figure 4. The upper graph of 
Figure 5 illustrates the temperature T 0 measured by the outer temperature sensor 
80 (the dashed and dotted upper curve) and the temperature Ti measured by the 
inner temperature sensor 70 (the dashed lower curve) as a function of time. This 
upper graph also indicates the temperature T R of the ramp profile as a function of 
time. The bottom graph of Figure 5 is a schematic plot of the origin of the control 
temperature C as a function of time. The time scale in both graphs of Figure 5 is 
the same. Initially, the temperature from the outer temperature sensor 80 is used 
as the control temperature C. After the appropriate fixed time period ti has 
elapsed (process 135 in Figure 4), the temperature from the inner temperature 
sensor 70 is used as the control temperature C for the appropriate second time 
period of time t 2 . This process continues, with the control temperature C 
alternating between the outer temperature sensor 80 and the inner temperature 
sensor 70 until the controller 90 determines that the inner temperature sensor 70 
reaches or exceeds the cutoff temperature T c (process 130 or process 170 of 
Figure 4). At this time, designated R in Figure 5, the ramp-up process 100 of 
Figure 4 terminates at process 140. 

[0041] The ramp-up process 100 illustrated in Figure 4 may be used in a variety of 

contexts. This process is expected to have particular utility in connection with the 
deposition of radiant heat-reflective materials in a CVD process employing radiant 
heat as a heat source. As noted above in connection with Figure 1 , the material 
being deposited on the workpieces W will also tend to build up on the inner 
surface of the deposition chamber. In the reactor 10 of Figure 3, this material may 
be deposited on the inner surface of the liner 24 and/or on the inner surface of the 
outer wall 22 of the processing enclosure 20. Both the outer wall 22 and the liner 
24 are disposed between the radiant heaters 50 and the workpieces W. As the 
heat-reflective material builds in processing successive microfeature workpieces 
W, the reflectivity of this built-up coating will increase. This increases the thermal 
lag, which experience has demonstrated can subject the outer temperature sensor 
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80 and the heaters 50 to quite significant temperature spikes before the 
temperature Ti measured by the inner temperature sensor 70 reaches the 
intended deposition temperature T D . 

[0042] The ramp-up process 100 of Figure 4 helps bypass this temperature lag by 

controlling the heaters 50 based on the temperature T 0 measured by the outer 
temperature sensor 80 for part of the time and controlling the heaters 50 based on 
the temperature T r measured by the inner temperature sensor 70 during another 
part of the time. While the controller 90 is relying on the outer temperature 
sensor 80, the temperature Ti measured by the inner temperature sensor 70 may 
increase at an undesirably slow rate. As a consequence, when the controller 90 
switches the control temperature C to the inner temperature sensor 70, the control 
temperature C reflects a temperature that is appreciably below the desired ramp 
temperature T R . The controller 90, therefore, delivers more power to the heaters 
50, significantly increasing the rate at which the temperatures measured by both 
the inner and outer temperature sensors 70 and 80 increases. When the 
controller 90 switches the control temperature C back to the outer temperature 
sensor 80, this outer temperature To may be considerably higher than the inner 
temperature Ti. Consequently, the controller 90 will reduce the power delivered to 
the heaters 50, allowing the temperature T 0 of the outer temperature sensor 80 to 
stabilize. Switching the control temperature C back and forth in this fashion is 
expected to significantly ameliorate the difficulties during temperature ramp-up for 
CVD reactors depositing heat-reflective materials. 

[0043] Figure 5 schematically illustrates an aspect of a further embodiment of the 

invention. In particular, the controller 90 may define the control temperature C as 
a function of both the temperature from the inner temperature sensor 70 and the 
temperature from the outer temperature sensor 80 instead of alternating between 
these two sensor temperatures. In one embodiment, this function comprises a 
mean of the temperatures indicated by the inner temperature sensor 70 and the 
outer temperature sensor 80. In another embodiment, this function is instead a 
weighted average of the temperatures from the inner and outer temperature 
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sensors 70 and 80. For example, the temperature from the inner temperature 
sensor 70 may be given greater weight than the temperature from the outer 
temperature sensor 80. Taking into consideration the input from the inner 
temperature sensor 70 and the outer temperature sensor 80 is expected to 
dampen the temperature oscillations encountered With reflective material 
deposition outlined above in connection with Figure 2. 

[0044] The relative periods of time during which the control temperature C is tied 

to each of the inner and outer temperature sensors 70 and 80 can be varied as 
desired. If the time t 2 during which the controller 90 relies on the inner 
temperature sensor 70 is too long, the temperature T 0 measured by the outer 
temperature sensor 80 may exceed a permissible operational range of the heaters 
50. This may invoke the safety features of the reactor 10 and shut down the 
heaters 50. Accordingly, this time period t 2 may be selected to maintain the 
temperature T 0 of the outer temperature sensor 80 within a permissible 
operational range. The time during which the contrqller 90 relies on the 
temperature from the outer temperature sensor 80 can allow the heaters 50 to 
stabilize to avoid overheating. In one exemplary embodiment, for example, each 
of the first time periods U during which the control temperature C is set to the 
temperature from the outer temperature sensor 80 may be about ten minutes and 
the fixed time period t 2 during which the control temperature C is based on the 
temperature from the inner temperature sensor 70 may be about 20 percent as 
long, e.g., about two minutes. 

[0045] When the deposition of material on the workpieces W is completed, the 

workpieces W may be allowed to cool from the deposition temperature T D to a 
lower terminal temperature. The platform 60 may then be lowered and the 
workpieces W may be removed from the processing enclosure 20. 

[0046] The above-detailed embodiments of the invention are not intended to be 

exhaustive or to limit the invention to the precise form disclosed above. Specific 
embodiments of, and examples for, the invention are described above for 
illustrative purposes, but those skilled in the relevant art will recognize that 
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various equivalent modifications are possible within the scope of the invention. 
For example, whereas steps are presented in a given order, alternative 
embodiments may perform steps in a different order. The various embodiments 
described herein can be combined to provide further embodiments. 

[0047] Unless the context clearly requires otherwise, throughout the description 

and the claims, the words "comprise," "comprising," and the like are to be 
construed in an inclusive sense as opposed to an exclusive or exhaustive sense, 
i.e., in a sense of "including, but not limited to." Use of the word "or" in the claims 
in reference to a list of items is intended to cover (a) any of the items in the list, 
(b) all of the items in the list, and (c) any combination of the items in the list. 

[0048] In general, the terms used in the following claims should not be construed 

to limit the invention to the specific embodiments disclosed in the specification 
unless the above-detailed description explicitly defines such .terms. While certain 
aspects of the invention are presented below in certain claim forms, the inventors 
contemplate various aspects of the invention in any number of claim forms. 
Accordingly, the inventors reserve the right to add additional claims after filing the 
application to pursue such additional claim forms for other aspects of the 
invention. 
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